The effectiveness of the optical particle counter (OPC) to estimate zooplankton biomass depends on the variability in zooplankton shape and the presence of interfering particles. In marine environments where zooplankton are composed of similarly shaped copepods, an average shape is relatively easily obtained. However, in freshwater environments, spheroid cladocerans mix with ellipsoid copepods and make the application of a single morphometric model difficult. To expand the use of the OPC to freshwater environments, we developed new ellipsoid models for three common lake types (eutrophic, mesotrophic, and oligotrophic). In addition, we assessed how closely different size fractions of seston corresponded to zooplankton biomass. When expressed in common dry mass units, OPC-and seston-derived zooplankton biomass estimates showed a 1:1 correspondence with taxonomically derived estimates in productive lakes (r > +0.70, P < 0.001) but not in oligotrophic systems. OPC ellipse models differed among lake sets (major-to-minor axis ratio: 1.5 to 2.7) but were not a simple function of the cladoceran-to-copepod ratio. The seston size fraction that provided the best estimates of zooplankton biomass was smaller in mesotrophic lakes (>200 mm) than in eutrophic or oligotrophic lakes (>500 mm). The presence of algae and rotifers had no detectable influence on OPC and size-fractionated seston estimates. Overall, these analyses suggest that OPC and seston provide reliable estimates of lacustrine zooplankton biomass as long as region-specific ellipse models and size fractions, respectively, are used.
, biovolume (Beaulieu et al., 1999; Zhang et al., 2000; Remsen et al., 2004) , and size structure (Herman, 1988 (Herman, , 1992 Wieland et al., 1997) has been mainly limited to the marine environment. In these marine studies, the correspondence between OPC data and data derived from taxonomic analyses is often based on species-poor zooplankton assemblages, largely dominated by elongated, ellipsoid copepods (e.g. Grant et al., 2000; Baumgartner, 2003; Nogueira et al., 2004) . Because OPC size measurements are based on the projected shadow area of individual zooplankton organisms (Herman, 1992) , the equivalent spherical diameter data (ESD-the diameter of a sphere that would project a similar shadow area) can easily be transformed into biovolume or biomass estimates when the zooplankton community under study is composed of similarly shaped organisms. Consequently, a general ellipse model with a major-to-minor axis ratio of f = 3 has been used to approximate the average shape of zooplankton organisms in several OPC-based marine studies (e.g. Huntley et al., 1995; Wieland et al., 1997) .
In contrast, the OPC is rarely used to estimate zooplankton biomass in freshwater environments, likely because most freshwater communities are composed of a mixture of ellipsoid copepods and spherical cladocerans. Indeed, compared with marine systems, lacustrine environments are characterized by a greater frequency of roundish cladocerans, including Daphnia, Holopedium and Bosmina (Lehman, 1988) . Although Sprules et al. (Sprules et al., 1998) showed that an ellipse shape with f = 1.3 could be used for Lake Erie zooplankton, few other studies have used the OPC in lakes (e.g. Stockwell and Sprules, 1995) , conceivably because no study has yet quantified the effects of zooplankton community composition on OPC biomass estimates. Furthermore, little is known of the importance of non-crustacean particles (algae and rotifers) on optically based measurements. Because algae and rotifers are generally smaller than the lower detection limit of the OPC (250 mm ESD), they are considered undetectable by this method (Herman, 1992) . However, high abundances of large algae (Grant et al., 2000) or high concentration of detritus (Zhang et al., 2000) such as those that can be encountered in marine or estuarine environments have been reported to interfere with OPC estimates of crustacean biomass. Because such particles are common in eutrophic lakes, the accuracy of OPC measurements may vary among lacustrine environments of different trophic status. Similarly, zooplankton biomass estimates based on dry mass measurements of net-collected seston are subject to contamination by non-crustacean particles. Although size fractionation of seston before drying can help to separate zooplankton particles from algae and debris (Seda and Dostalkova, 1996) , we do not know how well different seston size fractions represent zooplankton in lake sets with variable trophic status.
In this article, we compared zooplankton biomass derived from taxonomic analyses with OPC and seston measurements in three sets of lakes of varying trophic status to validate the use of the OPC and seston size fractionation as tools to estimate zooplankton biomass in various freshwater environments. We expected the three types of measurements would agree with one another once expressed in comparable biomass units, but that different ellipse models would be required to convert OPC data into biomass, with greater ellipse elongation in lakes where copepods dominate the zooplankton community. With respect to seston, we expected to find zooplankton biomass in different size fractions, depending on the zooplankton community composition of each lake type.
M E T H O D Study sites
Zooplankton samples were collected in three sets of Canadian lakes as part of ongoing monitoring programs: 12 Alberta Boreal Plain lakes (AB lakes), five Northwestern Ontario lakes (ON lakes), and 20 Quebec Laurentian lakes (QC lakes) (Table I) . AB lakes were shallow and eutrophic, with chlorophyll a (Chl a) concentrations averaging 15 mg L À1 and rotifers composing about 22% of the total zooplankton biomass (dry mass basis, Table I ). At the other extreme, ON lakes were deep and oligotrophic, with low values of Chl a (1.8 mg L À1 on average) and low relative biomass of rotifers ( 2%). QC lakes were intermediate in depth and had algal biomass comparable to ON lakes (1.7 mg L À1 Chl a) but higher rotifer biomass (8% on average). The three lake sets offered a wide range of crustacean community structure, with a ratio of cladoceran-to-copepod biomass highest in QC lakes (1.5) and lowest in ON lakes (0.2). Detailed descriptions of the sampling and analytical procedures can be found in the studies of Patoine et al. (Patoine et al., 2000) , Steedman (Steedman, 2000) and Prepas et al. (Prepas et al., 2001) for the QC, ON, and AB set of lakes, respectively. Briefly, zooplankton samples were collected by vertical hauls from 1 m above the sediments to the surface at the center of each lake with 80-mm (ON lakes) or 53-mm mesh nets (QC and AB lakes). Water for Chl a analyses was sampled over the euphotic zone (>1% of incident light), with an integrated tube (QC and AB lakes) or at variable depth intervals with a Kemmerer water sampler (ON lakes). In the laboratory, zooplankton samples were split into one-half and two-quarters with a Folsom splitter, each fraction being destined to a different type of zooplankton analysis (taxonomic, OPC, and seston based). Taxonomic analyses were performed on 10-mL (ON and QC lakes) or 3-mL (AB lakes) sub-samples. Zooplankton species were identified and counted to estimate their abundance (ind. m À3 ). To estimate specific biomass, we measured the size of the first 30 specimens of each crustacean (length) and rotifer (length and width) species. Mean size values were converted to dry biomass using the length-mass relationships developed by Malley et al. (Malley et al. 1989) . Specific dry mass values were summed to obtain total zooplankton biomass (crustaceans and rotifers). Zooplankton biomass was expressed in milligrams of dry mass per cubic meter of water (mg DM m À3 ). OPC analyses were performed with the laboratory version OPC-1L (Focal Technologies, Halifax, NS, Canada). The OPC setup is described by Patoine et al. (Patoine et al., 2002b) . Detection rate never exceeded 40 particles per second, which is much lower than the maximum 200 s À1 count rate that the OPC can handle (Sprules et al., 1992) . We used an ellipse geometric model to estimate zooplankton biovolume as volume V = (p/6)(ESD)(ESD/f ) 2 , where f is the ratio of the major axis (longest linear dimension) over the minor axis (second longest dimension perpendicular to the major axis) of an ellipse. Biovolume (mm 3 m
À3
) was calculated as the sum of the products of volume (mm 3 ind.
À1
) and density (ind. m
À3
) of particles over all ESD output values between 250 and 3000 mm ESD (no counts occurred at higher sizes). Biovolume units of mm 3 m À3 were converted to dry mass units of mg DM m À3 by assuming that 1 mm 3 of zooplankton weighs 1.05 mg wet mass (Strayer, 1991) and that the dry matter content of zooplankton is 12% mass/mass (McCauley and Kalff, 1981) . OPC-derived biomass values were compared with zooplankton (taxonomically derived) biomass values over a range of f Table I 
Cladocerans (% of taxonomically derived zooplankton biomass)
Copepods (% of taxonomically derived zooplankton biomass) Taxonomically derived zooplankton biomass, seston biomass, and OPC-derived biovolume correspond to the three series of zooplankton measurements performed in this study, in their original units.
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values (major-to-minor axis ratio 1 < f < 10). We report the f value that minimized the difference between the means of both methods for the entire data set and for each lake set separately (eutrophic AB, oligotrophic ON, and mesotrophic QC). Seston was first filtered on four Nitex sieves of decreasing mesh sizes (500, 200, 100, and 50 mm). The material retained on each sieve was backwashed with distilled water onto pre-combusted Whatman GF/C glass fiber filters, dried at 608C for 18 h, weighed on a Cahn microbalance, ashed at 5008C for 18 h, and weighed again (Postel et al., 2000) . The mass difference between the dry and ash weights represents the organic mass and was expressed in milligrams of ash-free dry matter per cubic meter of water (mg AFDM m À3 ). These units were divided by 0.95 to obtain biomass values in units that were directly comparable with those obtained by taxonomic analyses (i.e. mg DM m À3 ). The 0.95 constant was derived from laboratory measurements and was close to that of 0.98 reported by Omori (Omori, 1978) .
Correspondence among the three methods was evaluated by examining the parameters of regression equations performed between the three pairs of zooplankton biomass estimates (OPC-taxo, seston-taxo, and OPCseston) for each set of lakes. In evaluating the correspondence between two methods of zooplankton biomass determination, we were looking for statistically significant (a = 0.05) correlation coefficients, intercepts of zero, and slopes of 1. Because all zooplankton biomass variables are expressed in the same units (mg DM m À3 ) and pairs of variables likely display comparable error variances, major axis regression analysis was used instead of ordinary least squares regression analysis (Legendre and Legendre, 1998) .
In comparing OPC-derived biomass values with taxonomically derived biomass values, we also independently examined total zooplankton biomass (crustaceans and rotifers) and crustacean biomass to see which taxonomic grouping best corresponded with OPC measurements. For seston-taxo comparisons, we examined relationships with different seston size fractions (>500, 200-500, 100-200 and 50-100 mm) or combinations thereof. To evaluate how the presence of algae and rotifers biases OPC-and seston-derived biomass estimates, we analyzed the residual variation of OPC and seston estimates (left after regression with taxon-derived biomass) as a function of the Chl a concentration and rotifer biomass. A statistically significant positive relationship would suggest that algae or rotifers inflate OPC-or seston-derived biomass estimates. 
R E S U L T S OPC-derived and taxonomically derived biomass values
Correlation coefficients between OPC-derived biomass and taxon-derived biomass were higher when the latter pertained to total zooplankton biomass (crustaceans and rotifers) rather than to crustacean biomass alone (Table II) . Although the difference was small, it was consistent for each of the three lake sets; so, we conducted all subsequent analyses using total zooplankton biomass rather than crustacean biomass, although analyses performed on crustacean biomass gave similar results.
As expected, OPC-derived biomass values were generally higher than taxon-derived values when the default sphere model was used (Table III) . The correspondence between the OPC-and taxon-derived biomass values for all lakes was best when using an ellipse model with a major axis about twice as long as its minor axis (f = 2.11). However, there was an approximately 2-fold variation in the f values describing the ellipse shape when each lake set was considered separately (Table III) , from 2.67 in eutrophic lakes (AB), 2.49 in oligotrophic lakes (ON) and 1.46 in mesotrophic lakes (QC). The lower f value computed for eastern oligotrophic lakes (QC) suggests a higher proportion of biomass composed of roundish organisms in these lakes. Accordingly, the cladoceranto-copepod biomass ratio was highest in the QC lake set relative to the other lake sets (Table I) . Cladocerans in Table II : Correlation coefficients (one-tailed probability) between optical particle counterderived biomass and two series of taxonomically derived biomass values: total zooplankton (crustaceans and rotifers) and crustacean biomass the QC set were mostly composed of roundish genus such as Daphnia and Holopedium and the typically small Bosmina species (Patoine et al., 2002a) . In contrast, zooplankton in eutrophic AB lakes and oligotrophic ON lakes displayed similar ellipsoid shapes (2.67 and 2.49, respectively) despite different cladoceran-to-copepod biomass ratio (0.7 and 0.2, respectively). When region-specific f values were used to compute OPC biomass, the correlation with taxon-derived zooplankton biomass was statistically significant for all lake sets (Fig. 1A-C ), slopes were not statistically different from unity ( Fig. 2A) , and intercepts were not different from zero (Fig. 2B) . However, the uncertainty around the slope and intercept of oligotrophic ON lakes was high ( Fig. 2A and B) , suggesting that OPC-derived biomass values tended to increase twice as fast as taxon-derived values in this set of lakes (slope $2, Figs 1B and 2A).
Seston-derived and taxonomically derived biomass values
Relationships between size-fractionated seston biomass and taxon-derived zooplankton were examined for different seston size fractions (>500, 200-500, 100-200 and 50-100 mm) and all possible combinations. The material collected on the 500-mm sieve was generally composed of adult crustaceans; the 200-mm sieve was composed of copepodite stages and small crustaceans; the 100-mm sieve contained nauplii, rotifers, and algae, whereas the 50-mm sieve collected algae and rotifers. On average, seston biomass was equally distributed among the four size fractions. For eutrophic AB (Fig. 1D ) and oligotrophic ON lakes (Fig. 1E) , the seston biomass contained in the largest size fraction (>500 mm, mainly adult crustaceans) showed the best correspondence with taxonderived biomass. Slopes and intercepts were not significantly different from unity and zero, respectively (Fig. 2C  and D) . In contrast, the correspondence with taxonderived biomass in the mesotrophic QC lake set was best when the seston biomass in size fractions 200-500 and >500 mm was pooled together (Fig. 1F) . This pattern suggests that the zooplankton size structure in mesotrophic lakes was shifted toward smaller-sized organisms relative to eutrophic and oligotrophic lakes.
OPC-and seston-derived biomass values
The correspondence between OPC-and seston-derived biomass estimates was characterized by high correlation coefficients (r > +0.8, P = 0.001), unity slopes, and zero intercepts for the eutrophic AB lakes (Fig. 1G ) and the mesotrophic QC lakes (Fig. 1I) . However, in ON lakes, the relationship was not significant (r = +0.36, P = 0.14, Figs 1H and 2E and F).
Influence of algal and rotifer biomass on OPC and seston results
Because the relationships within each lake set were generally characterized by slopes and intercepts that were not statistically different from 1 and 0, respectively (Fig.  2) , we performed regression analyses on the pooled data sets to examine the influence of algal and rotifer biomass associated with different lake types. When region-specific f values were used to compute OPC-derived biomass values (Table III) , the correspondence with taxonderived biomass remained strong (r = +0.78, P = 0.001), and values were distributed along the 1:1 line over 3.5 orders of magnitude (7-245 mg DM m À3 ) (Figs 2A and B and 3A) . The residual variation in OPC-derived biomass showed no statistically significant relationship with Chl a (P = 0.51, Fig. 3B ) or rotifer biomass (P = 0.41, Fig. 3C ) across the three lake trophic levels. Furthermore, when residual analyses were performed for each lake set separately, no statistically significant positive relationships were found with algal biomass (P > 0.7, Fig. 3B ) or with rotifer biomass (P > 0.08, Fig. 3C ), suggesting that OPC results were unaffected by the presence of algae or rotifer.
The relationship between seston-derived biomass (>500 mm for AB and ON, >200 mm for QC lakes) and taxon-derived zooplankton biomass (Fig. 3D ) was characterized by a high correlation coefficient (r = +0.77, P = 0.001), a slope of 1 (Fig. 2C ) and an intercept of zero (Fig. 2D) . Seston residuals were AB, Alberta Boreal Plain; ON, Ontario; QC, Quebec Laurentian. The f value designates the major-to-minor axis ratio of an ellipse, with f = 1 corresponding to the default sphere model.
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uncorrelated with either algal biomass (P = 0.48, Fig.  3E ) or rotifer biomass (P = 0.64, Fig. 3F ). On a region-specific basis, no statistically significant positive relationships were detected between seston residuals and Chl a (P > 0.11, Fig. 3E ) or rotifer biomass (P > 0.09, Fig. 3F ). These findings suggest that size fractionation of seston eliminated enough non-crustacean particles to allow for direct comparisons to be made 
between seston biomass and zooplankton biomass over a wide gradient of lake trophic conditions.
D I S C U S S I O N
Zooplankton biomass estimates based on OPC analyses and size fractionation of seston showed a one-to-one relationship with taxon-derived zooplankton biomass values in lakes covering a wide range of trophic conditions (Fig. 1) . However, for OPC data, ellipse models required to convert ESD data into biovolume units varied among lake types (Table III) . As expected, the ellipse shape that showed the least elongation corresponded to the mesotrophic QC lake set, where zooplankton was composed mainly of spherical crustaceans rather than elongated copepods (Table I) . However, the degree of ellipse elongation was not a simple function of the cladoceran-to-copepod biomass ratio. Instead, in eutrophic AB lakes and oligotrophic ON lakes, similar models were used (Table III) despite different cladoceran-tocopepod biomass ratios (Table I) . Unfortunately, the small number of observations (n = 10) and the high degree of uncertainty in the parameters used to compute the ellipse shape in the ON lake set warrant caution, and we would expect further observations in these lakes to result in a higher f value, reflecting the high proportion of copepods in these lakes. Nonetheless, our results show that the comparison of OPC-derived zooplankton biomass values among different lake sets is possible only if the average ellipse shape is known in each lake set, in contrast to previous marine-based studies where a single ellipse model could be used to describe zooplankton populations (e.g. Grant et al., 2000; Baumgartner, 2003; Nogueira et al., 2004) .
Algal particles did not bias OPC measurements (Fig. 3B) , even in eutrophic lakes (Western AB lakes) where Chl a reached 36 mg L À1 and filamentous cyanobacteria represented 43% of algal biomass (Table I) . Herman (Herman, 1992) previously predicted that clumps of phytoplankton should not be detected by the OPC because, unlike crustacean particles, they do not generate discrete changes in light attenuation but rather produce a gradual smear with no clear beginning or end. Our observations support Herman's prediction that large algal particles go undetected by the OPC and extend it to rotifer organisms (Fig. 3C ). However, it should be noted that the observed density of small particles (rotifers <1500 L À1 , Table I ) was lower than the density of large diatoms (1600-50 000 L À1 ) previously reported to inflate OPC counts in oceanic environments (Herman, 1992; Grant et al., 2000) . Future work will tell whether rotifer abundances higher than 1500 L À1 can bias OPC biomass estimates in lakes.
As expected, different size fractions needed to be considered to estimate zooplankton biomass in different lake sets, depending on the species and size composition of zooplankton. In particular, the presence of typically small cladoceran species such as Bosmina in mesotrophic QC lakes (Patoine et al., 2002a) can explain why a smaller mesh size (200 mm) was needed to concentrate zooplankton in these lakes relative to other lake sets (500 mm). As a result, we recommend that preliminary taxonomic analyses be conducted to first determine which seston size fraction will best estimate zooplankton biomass in each lake type. Fortunately, once region-specific mesh sizes were used to concentrate the zooplankton portion of seston, increasing concentrations of algae or rotifers did not bias seston-derived zooplankton biomass estimates ( Fig.  3E and F) . Furthermore, because the range of Chl a observed in ON lakes is narrow (Fig. 3E) and typical of oligotrophic lakes with low biomass of phytoplankton dominated by small-sized algae (<20 mm), it is unlikely that the small difference in the mesh size used to sample zooplankton in ON lakes (80 versus 53 mm in AB and QC lakes) has resulted in an underestimation of algal contamination in these lakes.
OPC-derived zooplankton biomass values corresponded well with seston-derived values in both eutrophic AB and mesotrophic QC lakes. Such a oneto-one correspondence between OPC and seston data has previously been reported in marine environments (Nogueira et al., 2004) , for a comparable range of zooplankton biomass (20-180 mg C m À3 or $40-360 mg DM m À3 ). In contrast, the one-to-one relationship between OPC and seston estimates was not observed in the oligotrophic ON lake set (Fig. 1H) . Although low zooplankton density may have resulted in an increased relative error on OPC counts and sizing in ON lakes, such problems would be common in most unproductive lake systems. Because OPC-derived zooplankton biomass estimates in oligotrophic ON lakes were poorly correlated with both seston-derived biomass (Fig. 1H ) and taxon-derived estimates (Fig. 1B) , we suggest that the use of OPC to estimate lacustrine biomass should be limited to mesotrophic and eutrophic lakes. Future work will reveal whether collecting greater amounts of zooplankton material from oligotrophic lakes improves the correspondence with seston-and taxon-derived estimates.
The degree of correspondence among methods of zooplankton biomass measurement also depended on a series of assumptions pertaining to conversion factors among different units of biomass concentration. While lake-specific differences in length-mass relationships can introduce errors in zooplankton biomass estimates (Malley et al., 1998) , specific differences in the organic content and water content of zooplankton species can lead to errors in seston-and OPC-based estimates (Postel et al., 2000) . In addition, the random orientation of zooplankton particles relative to the OPC infrared beam can also be a source of error in zooplankton biomass estimates (Herman, 1988 (Herman, , 1992 . While the latter source of error can be corrected when dealing with mono-specific zooplankton assemblages (Mustard and Anderson, 2005) , it remains uncontrollable in the species-diverse zooplankton assemblages of freshwater lakes. Despite these sources of error, the constants used here to transform units of seston ash-free dry mass and OPC biovolume into dry mass units resulted in a good agreement of biomass values derived from different methods over a wide range of biomass concentrations ( Fig. 3A and D) .
The OPC was originally developed to monitor zooplankton community structure over large spatial scales in marine or oceanic environments (Herman, 1988) where zooplankton communities are often dominated by a few similarly shaped organisms (mostly copepods), but its use in freshwater environments has been hampered by the greater variety of zooplankton shapes found in lakes. Here, we show that it is possible to use the OPC to estimate zooplankton biomass in lakes with heterogeneous zooplankton shapes, so long as region-specific ellipse shapes are used to transform the ESD data generated by the OPC into units of biovolume or biomass and provided that sufficient zooplankton material is collected. Size-fractionated seston delivered good estimates of lacustrine zooplankton biomass in oligotrophic to eutrophic lakes, as long as regionspecific mesh sizes were used to concentrate zooplankton material. Future improvements should include identifying lake or zooplankton community characteristics that help in choosing the optimal ellipse size for OPC analyses, or the optimal mesh size for seston fractionation, and assessing how important is within-lake seasonal variability in influencing the relationship between zooplankton biomass and the f ratio.
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